Neutrophil extracellular traps (NETs) are extracellular chromatin structures that can trap and degrade microbes. They arise from neutrophils that have activated a cell death program called NET cell death, or NETosis. Activation of NETosis has been shown to involve NADPH oxidase activity, disintegration of the nuclear envelope and most granule membranes, decondensation of nuclear chromatin and formation of NETs. We report that in phorbol myristate acetate (PMA)-stimulated neutrophils, intracellular chromatin decondensation and NET formation follow autophagy and superoxide production, both of which are required to mediate PMA-induced NETosis and occur independently of each other. Neutrophils from patients with chronic granulomatous disease, which lack NADPH oxidase activity, still exhibit PMA-induced autophagy. Conversely, PMA-induced NADPH oxidase activity is not affected by pharmacological inhibition of autophagy. Interestingly, inhibition of either autophagy or NADPH oxidase prevents intracellular chromatin decondensation, which is essential for NETosis and NET formation, and results in cell death characterized by hallmarks of apoptosis. These results indicate that apoptosis might function as a backup program for NETosis when autophagy or NADPH oxidase activity is prevented.
Introduction
Neutrophils are short lived but nevertheless very abundant phagocytic leukocytes that form a vital first line of defense against invading pathogens. Neutrophil contents are potentially harmful to the host and the release and activation of their microbicidal arsenal is strongly controlled by strict regulation of degranulation and superoxide production, as well as by regulation of their life span and recruitment into tissues. In the absence of immunological challenge, differentiated neutrophils are committed to undergo caspase-dependent apoptosis within 24 to 48 h after their emigration from the bone marrow [1] . During infection, the rate of programmed cell death can be further modulated by various exogenous and endogenous stimuli that either extend or shorten the neutrophil life span [2] .
In 2004, a novel type of cell death was reported, neutrophil extracellular trap (NET) cell death [3] , which is also named NETosis [4] . Activation of NETosis has been shown to involve NADPH oxidase (Nox2)-mediated oxidative burst [5] and disintegration of the nuclear envelope and most granule membranes, which together result in massive vacuolization [6] , intracellular decondensation of nuclear chromatin [7] and eventually formation of NETs [3] . An essential role in the regulation of NETosis is ascribed to phagocyte Nox2, a highly regulated membrane-associated multiprotein complex producing large amounts of superoxide that lead to an oxidative burst [5] . Phorbol myristate acetate (PMA) induces NETosis, but this is prevented by inhibition of NADPH oxidase activity (by diphenylene iodonium, DPI, [6] ) and by its absence (as in patients with chronic granulomatous disease (CGD), caused by a congenital defect in Nox2 subunits [8] ). Also typical during NETosis is the generation of many vesicles before plasma membrane rupture [6] . These vesicles have a double phospholipid bilayer and are believed to originate from the nuclear envelope [6, 9] , which disintegrates during NET cell death. Finally, but still before plasma membrane permeabilization, nuclear chromatin decondenses and mixes with the contents of the granules; this is essential for formation of functional NETs [7, 10] . Permeabilization of the neutrophil plasma membrane releases these chromatin structures, which are loaded with concentrated antimicrobial molecules, such as lactoferrin, BPI, LL-37 and histones [9, 11] . These structures can trap and possibly even kill microorganisms. Consequently, neutrophils can exert an antimicrobial effect beyond their life span [9] .
Data collected over the past 5 years demonstrate the in vivo occurrence of NETosis in different clinical settings such as appendicitis [3] , necrotizing fasciitis [12] , pneumonia [13] , sepsis [14] , leishmaniasis [15] and small vessel vasculitis (SVV) [16] , suggesting a pathophysiological relevance in these conditions. Recently, the kinetics of in vivo NET formation in murine lungs in response to Aspergillus infection was monitored [17] . The results showed that NETs are formed during the early stages of infection. In addition to the reported induction of NETosis formation by bacteria [3, 6, 12, 13] , fungi [17] [18] [19] and protozoa [15] , NETosis has also been shown to be induced by LPS-activated platelets [14] and by antineutrophil autoantibodies isolated from patients with SVV [16] , whereas impaired degradation of NETs has been associated with systemic lupus erythematosus as well [20] .
In spite of the accumulating evidence for the physiological relevance of NETs, the interrelations of the different subcellular events in NETosis remain elusive. Therefore, a comparative study of neutrophils using high-resolution live-cell imaging was set up to analyze the potential interplay between reactive oxygen species (ROS) generation, mitochondrial membrane potential, intracellular chromatin decondensation and several morphological features, such as massive vacuolization. Moreover, the functional contribution of these subcellular events to NETosis was studied by using pharmacological inhibitors and cells from CGD patients.
Results

PMA induces typical features of NETosis, which differs both biochemically and morphologically from apoptosis and necrosis
Phorbol myristate acetate stimulation of human neutrophils resulted in the formation of NETs (Supplementary information, Figure S1 ), as reported previously [3, 6, 16, 18, 21] . In contrast to constitutive or anti-Fas-induced neutrophil apoptosis, PMA-induced NETosis was insensitive to benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone (zVAD-fmk) (Supplementary information, Figure S2A ). This confirms a previous report that excluded the involvement of caspases in NETosis [6] . This confirmation is further supported by the absence of DEVD-ase activity after PMA stimulation (Supplementary information, Figure S2B ). Inhibition of programmed necrosis by pretreatment with Nec-1, an inhibitor of RIP1 kinase activity [22] , also did not affect the kinetics of PMA-induced NETosis (Supplementary information, Figure S2C ). Live cell imaging of healthy neutrophils stimulated with 100 nM PMA reveals a cell death program characterized by immediate cell flattening and increased adherence, followed by loss of mitochondrial membrane potential and induction of massive vacuolization within approximately 30 min ( Figure 1A ; Supplementary information, Video S1). Vacuolization is observed for up to 90-130 min after PMA stimulation, until the nuclear envelope disintegrates and nuclear chromatin decondenses, which allows it to mix with the cytoplasmic content. During all that time, plasma membrane integrity is preserved. Within 40 min later, the plasma membrane permeabilizes and decondensed chromatin is released. Figure 1B shows the mean percentage of cells undergoing these different subcellular events from a kinetic analysis of 150 cells from four independent experiments. To examine whether loss of mitochondrial membrane potential is sufficient to induce NETosis or possibly affects PMA-induced NETosis, we treated neutrophils with the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and the complex III inhibitor antimycin A. Both CCCP and antimycin A are known to dissipate the mitochondrial membrane potential in neutrophils [23] . Incubation with these agents alone did not induce NET formation and did not affect PMA-induced cell death kinetics (Supplementary information, Figure  S3 ), which suggests that mitochondrial depolarization is not a crucial mediator of DNA decondensation. In this regard, it is noteworthy that neutrophils depend on glycolysis instead of oxidative phosphorylation to meet their energy demands [23, 24] . This is in agreement with the profound decrease in the number of mitochondria during differentiation of precursor cells into neutrophils [25] .
PMA-induced chromatin decondensation requires Nox2 activity
Stimulation with PMA is known to activate Nox2, which generates superoxide (Supplementary information, Figure S4A ). This is of relevance because ROS generation has been reported to be an absolute requisite for the induction of NETosis [6] . However, when NADPH oxidase activity is inhibited by DPI (Supplementary information, Figure S4B 4 PMN per ml) were monitored by live cell imaging for four parameters: morphology using differential interface contrast (DIC), mitochondrial potential using TMRM (red), cell death using the cell-impermeable DNA dye Sytox Green (green) and chromatin decondensation using the cell-permeable DNA marker Hoechst 33342 (blue). These were performed in a humidified atmosphere containing 5% CO 2 at 37 °C. Cells were stimulated with 100 nM PMA and monitored every min for up to 300 min. volunteers, whether or not pretreated with DPI, die spontaneously from apoptosis [26] , but more slowly than in PMA-induced NETosis (Figure 2A ). Live cell imaging of the subcellular events described above revealed that fol- observed in CGD neutrophils at any time between PMA stimulation and plasma membrane disintegration ( Figure  2B and 2C). The massive vacuolization without disintegration of the nuclear envelope seen in CGD neutrophils after PMA stimulation ( Figure 2B and 2C) disfavors the proposed causative link between the disintegration of the nuclear envelope and consequent chromatin decondensation on the one hand, and the process of vacuolization on the other hand [6, 9] . Our observations, therefore, indicate that mechanisms other than nuclear envelope disintegration might contribute to the formation of vesicles and vacuoles with double membranes.
PMA-induced vacuolization involves autophagy and occurs independently of Nox2 activity
We hypothesized that the numerous vesicles might originate from induction of autophagy because many cell types exhibit massive vacuolization during autophagy-associated cell death [27, 28] . In agreement with the massive vacuolization on PMA stimulation, which was observed by live cell imaging ( Figure 1 ; Supplementary information, Video S1), transmission electron microscopic analysis of neutrophils revealed the presence of vesicles with double membranes ( Figure 3A ). These vesicles are not observed in unstimulated neutrophils, which are characterized by multilobulated nuclei and different types of granules, all of which are surrounded by a single phospholipid bilayer. Within 15 min after PMA stimulation, premature autophagosome structures are observed engulfing abundant granules and ribosomes ( Figure 3A ). After fusion of autophagosomes with endosomes/lysosomes, the autophagic cargo is degraded in the autophagolysosome, which consequently becomes less electron dense ( Figure 3B ). About 80 min after PMA stimulation, a different type of vesicle with a double phospholipid bilayer appears. The high electron density of these vesicles suggests that they are not autophagosomes ( Figure 3A ) but might be remnants of the nuclear envelope, as proposed by Fuchs et al. [6] . At this stage, the number of classic granules decrease. Finally, 120 min after stimulation, the nuclear chromatin and granule contents are mixed, and classic granules are no longer observed ( Figure 3A ). To further characterize these double-membrane vesicles as autophagic vesicles, we monitored the localization of LC3, a marker of autophagy [29] . During the early stages of autophagy induction, LC3 translocates from the cytosol to newly formed autophagosomes. Indeed, within 15 min of PMA stimulation, homogeneously dispersed LC3 shows a punctate distribution pattern that is typical of autophagy. Interestingly, translocation of endogenous LC3 is observed in both normal and CGD neutrophils ( Figure 3C ; Supplementary information, Videos S2-S5). These results fit with the PMA-induced vacuolization of CGD neutrophils observed by live cell imaging ( Figure  2B and 2C) and indicate that PMA induces autophagy in a superoxide-independent manner. We also measured the autophagic flux, which is important for distinguishing increased autophagosome formation from impaired degradation/maturation. Pretreatment with the vacuolar H+-ATPase inhibitor bafilomycin A1 prevents lysosomal acidification [30] and results in the accumulation of autophagosomes and consequent protection of LC3 from degradation. Stimulation of CGD or normal neutrophils with PMA for 30 min resulted in a decrease in LC3 levels, and bafilomycin A1 pretreatment significantly prevented PMA-induced LC3 degradation (Supplementary information, Figure S6 ). These results, together with the observation of mature autophagolysosomes by EM (Figure 3A) , indicate that PMA induces the formation and maturation of autophagosomes.
Inhibition of either Nox2 activity or autophagy prevents PMA-induced NETosis and stimulates apoptosis
To further examine the role of PMA-induced autophagy were incubated with or without 10 µM DPI for 30 min, and either left unstimulated or were stimulated with 100 nM PMA for the indicated periods in the presence of the cell-impermeable DNA dye Sytox Green (50 nM). Data are expressed as percentage of maximal Sytox Green fluorescence ± SD (n = 3) as a function of time. *P < 0.01 and **P < 0.001, as compared to PMAstimulated normal neutrophils. (B) Isolated neutrophils obtained from a CGD patient were examined by live cell imaging for different parameters in a humidified atmosphere containing 5% CO 2 at 37 °C. Left panel: morphology using DIC, mitochondrial potential using TMRM (red), and chromatin decondensation using the cell-permeable DNA marker Hoechst 33342 (blue). Right panel: morphology using DIC, chromatin decondensation using the cell-permeable DNA marker Hoechst 33342 (blue) and cell death using the cell-impermeable DNA dye PI (green). Cells were stimulated with 100 nM PMA and monitored every min for up to 400 min. in NETosis, we used the PI3K inhibitor wortmannin, which inhibits autophagy [31, 32] . Wortmannin treatment alone did not affect the kinetics ( Figure 4C ) or morphological changes (Supplementary information, Video S6) of spontaneous neutrophil apoptosis at early time points, as reported previously [26] . As confirmed by live cell imaging, freshly isolated neutrophils pretreated with 100 nM wortmannin no longer show massive vacuolization on PMA stimulation, which further underscores the idea that the massive vacuolization is linked to autophagy induction (Figure 4 ; Supplementary information, Video S7). Pretreatment with 100 nM wortmannin did not affect PMA-induced superoxide production, as shown by live cell imaging using 5-(and-6)-carboxy-2′,7′-dichlorofluorescein diacetate (DCFDA), an ROS-sensitive probe ( Figure 4A ), and as measured by lucigenin chemiluminescence ( Figure 4B ). Importantly, although Nox2 activity remained intact when autophagy was pharmacologically blocked ( Figure 4A ), PMA did not induce chromatin decondensation ( Figure 4A ; Supplementary information, Video S7), but the cell death rate was not affected ( Figure 4C ). In contrast, Nox2 inhibition led to retardation of the cell death process, as previously mentioned (Figure 2A ). However, when we analyzed the cell death process in more detail, we observed that inhibition of either Nox2 or autophagy led to activation of caspases (as measured by DEVDase activity) and to the appearance of morphological features of apoptosis, such as membrane blebbing ( Figure 5 ; Supplementary information, Videos S8 and S9). These events did not occur at any time in normal neutrophils stimulated with PMA ( Figure 1 ; Supplementary information, Figure S1 and Video S1). In conclusion, these results show that inhibition of either autophagy or Nox2 prevents chromatin decondensation, which is essential for NETosis and NET formation [7] , and results in a type of cell death characterized by hallmarks of apoptosis. These results indicate that apoptosis might function as a backup program for NETosis when autophagy or Nox2 activity is prevented.
Discussion
NETosis is characterized by decondensation of intracellular chromatin and disintegration of the nuclear envelope, which allows mixing of the chromatin with cationic antimicrobial molecules originating from the granules. When the plasma membrane finally permeabilizes, the microbicidal extracellular traps are released. In this article we demonstrate that neither inhibition of caspases by zVAD-fmk [6] nor inhibition of RIP1 kinases by necrostatin-1 affects NETosis. Thus, NETosis should be considered a distinct cell death program. It was recently shown that decondensation of nuclear chromatin preceding NET formation is mediated by histone citrullination [7, 10] . The inability of CGD neutrophils to generate NETs in response to PMA indicates that Nox2 activity is essential for the intracellular chromatin decondensation that precedes NET formation [6] , but this was not demonstrated directly. We demonstrate that Nox2 activity is indeed required for chromatin decondensation in intact neutrophils. We also observed that PMA-induced NETosis is associated with induction of autophagy, despite the view that autophagy might not occur in neutrophils [33] . Autophagy is a well-conserved, essential, intracellular degradation process known to regulate protein and organelle turnover in many cells [32] . In addition, autophagy has been implicated in cell death as well [28] . As for neutrophil cell death, von Gunten et al. [34] originally observed autophagosome-like structures during nonapoptotic cell death induced by anti-Siglec9 antibodies after priming of neutrophils with proinflammatory cytokines such as GM-CSF, IFN-α and IFN-γ. Autophagy was recently confirmed in murine neutrophils by two independent groups as well as in human neutrophils [35, 36] . Of interest, during the preparation of this article, Mitroulis et al. [37] also reported that autophagy can be observed in human neutrophils in response to PMA stimulation. However, these reports did not investigate autophagy in the context of neutrophil cell death [35] [36] [37] . We investigated the extent to which autophagy depends on superoxide production, and whether autophagy induction is implicated in NETosis. Superoxide is the major type of ROS known to stimulate autophagy [38] . Surprisingly, we observed that PMA induces autophagy in CGD neutrophils, which are devoid of Nox2 activity. These results demonstrate that PMA-induced autophagy does not require Nox2 activity per se.
We next examined the extent to which induced autophagy affects events essential for NETosis, such as Nox2 activity and intracellular chromatin decondensation. Pharmacological inhibition of autophagy by wortmannin prevented the induction of vacuolization but did not affect superoxide production. This inhibition of autophagy markedly prevented intracellular chromatin decondensation without affecting Nox2 activity. This demonstrates that Nox2 activity is necessary but not sufficient for the intracellular chromatin decondensation implicated in NET formation. Moreover, induced autophagy alone, which is observed in CGD neutrophils lacking Nox2 activity, is also not sufficient to induce intracellular chromatin decondensation. These results demonstrate that a combination of autophagy and superoxide production is necessary for the induction of intracellular chromatin decondensation during PMA-induced NETosis. Inhibition of autophagy by wortmannin blocks vacuolization and intracellular chromatin decondensation, but generation of ROS is unaffected. (A) Human neutrophils were incubated with the ROS probe DCFDA (green) and the cell-permeable DNA dye Hoechst 33342 (blue) for 30 min at 37 °C in a humidified atmosphere containing 5% CO 2 . Subsequently, medium containing the cell-impermeable DNA marker PI (red) and wortmannin (100 nM) was refreshed. Cells were stimulated with 100 nM PMA and monitored every min by live cell imaging. Important time points are shown in min. Representative results of three independent experiments are shown. The scale bars represent 10 µm. (B) Cells were either untreated or pretreated with wortmannin (100 nM) for 30 min, and then stimulated with 100 nM PMA. Superoxide production was determined by enhanced chemiluminescence. Mean maximal superoxide production is expressed as percentage of control ± SD (n = 3). (C) In the presence of 50 nM Sytox Green, 2 × 10 5 neutrophils were incubated with or without wortmannin (100 nM) for 30 min and were either left unstimulated or stimulated with 100 nM PMA for the indicated periods. Cell death was detected by measuring the fluorescence of the cell-impermeable DNA dye Sytox Green. Data are expressed as percentage of maximal Sytox Green fluorescence ± SD (n = 3) as a function of time. *P < 0.05 and **P < 0.01, as compared to PMA-stimulated normal neutrophils. Because intracellular chromatin decondensation is crucial for NETosis, we wondered whether its absence affects the cell death program itself. Interestingly, when either autophagy or Nox2 activity was blocked, PMA induced a type of cell death characterized by membrane blebbing and caspase activity, which are features of apoptosis. Consequently, when intracellular chromatin decondensation during NETosis was prevented, an alternative apoptotic cell death pathway came into play. This pathway also eventually resulted in chromatin decondensation, but only after plasma membrane permeabilization during post-apoptotic secondary necrosis. Therefore, the chromatin decondensation that follows spontaneous apoptosis of neutrophils ex vivo [26] should not be con- Live cell images of neutrophils isolated from a CGD patient and stimulated with 100 nM PMA. Morphology was examined using DIC and chromatin decondensation using the cell-permeable DNA marker Hoechst 33342 (blue). Cells were monitored every min for up to 300 min, and important time points are shown in min. PMA stimulation of CGD neutrophils induced membrane blebbing (arrows). (B) Live cell images of isolated neutrophils pretreated with wortmannin (100 nM) for 30 min. Morphology was examined using DIC and chromatin decondensation using the cell-permeable DNA marker Hoechst 33342 (blue). PMA-induced membrane blebbing (arrows) in normal neutrophils pretreated with wortmannin. (C) Normal and CGD neutrophils were incubated with or without DPI (10 µM) for 30 min. Samples were collected (white bars) and the remainder was further stimulated with 100 nM PMA for 3 h (gray bars). Protease activity against the caspase substrate DEVD-amc was determined. Data are expressed as the mean ∆F/min ± SD (n = 3). (D) Normal neutrophils were incubated for 30 min with 10 µM DPI or 100 nM wortmannin (wort) or left untreated. Subsequently, cells were further stimulated for 1 h (light gray bars) or 3 h (dark gray bars) with PMA (100 nM) or with agonistic anti-Fas antibody (250 ng/ml) and analyzed for DEVDase activity. Data are expressed as the mean ∆F/min ± SD (n = 3). *P < 0.01 and **P < 0.001, as compared to PMA-stimulated neutrophils.
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npg fused with proper NET formation during NETosis. Our results demonstrate that both autophagy and Nox2 activity are needed to activate NETosis fully but they might also prevent apoptosis. Indeed, Hampton and coworkers [39] [40] [41] have repeatedly shown the ability of activated Nox2 to inhibit caspases. So, we were surprised to observe membrane blebbing and caspase activity in wortmannin-treated neutrophils stimulated with PMA, because NADPH oxidase activity remained unaffected. We propose that both Nox2 activity and autophagy are required to inactivate caspases. Indeed, stimulated CGD neutrophils lacking NADPH oxidase activity still undergo autophagy, show caspase activity and die by apoptosis. In addition, when autophagy is blocked in stimulated normal neutrophils, caspase activity and apoptosis become apparent. These results are in line with the induction of apoptosis observed in mammalian cell lines when starvation-induced autophagy was inhibited [42] . Both prosurvival and prodeath functions have been ascribed to autophagy [43] . A criterion to claim autophagic cell death is to observe decreased cell death when autophagy is inhibited [43] . When neutrophil autophagy was pharmacologically inhibited, we observed impaired intracellular chromatin decondensation, but the neutrophils continued to die though with features of apoptosis. This suggests that autophagy is required for the initial phase of NETosis (DNA decondensation) rather than for the cell death process itself. Our results using necrostatin-1 [22] also demonstrate that caspase-independent cell death mediated by RIP1 kinase activity is not implicated in PMAinduced NETosis, which excludes its role in this type of neutrophil cell death.
Bacterial challenge is known to induce Nox2 activation [27] , but it can also induce autophagy [35, 36] . It was recently shown that engagement of Toll-like receptor and Fc receptor signaling during phagocytosis induces autophagy in primary neutrophils [36] . Moreover, in line with our results, when primary neutrophils are challenged with Staphylococcus, caspases are inactivated [41] and NETs are formed [6] .
A previous observation of CGD neutrophils generating NETs in response to glucose oxidase (GO)-derived ROS, but not to PMA, suggested that ROS alone might be sufficient to induce NETosis [7] . We therefore examined H 2 O 2 -induced death of human neutrophils. In this regard, it should be noted that direct stimulation with H 2 O 2 is more transient than the continuous production of ROS by GO. Consequently, it is conceivable that direct stimulation with H 2 O 2 mimics the Nox2-dependent oxidative burst more closely than GO-derived ROS production. In addition, the GO used to induce NETosis was produced in Aspergillus niger [6] . Because Aspergillus species have been shown to induce NETosis [18] , we cannot rule out the possibility that nonmammalian compounds in GO solutions provided the additional triggers necessary to induce NETosis during GO stimulation. Noteworthy, it has been shown that H 2 O 2 is not the major ROS regulating autophagy [38] , and that it might not even induce autophagy [44] . In agreement with these results, we could not detect any noteworthy autophagy in H 2 O 2 -stimulated neutrophils (Supplementary information, Figure S7 ). Live cell imaging revealed that H 2 O 2 did not induce NETosis, as shown by the absence of cell flattening, adherence, massive vacuolization and intracellular chromatin decondensation in intact cells. At lower millimolar concentrations well below 8 mM, H 2 O 2 induced an apoptotic cell death morphology (Supplementary information, Figure S7A and Video S10), whereas at concentrations above 8 mM, which are not physiological, it induced a necrotic cell death morphology (Supplementary information, Figure S7B and Video S11). These results further support our previous conclusion that ROS generation is insufficient to induce intracellular chromatin decondensation and subsequent NET formation. A nonsufficient role of ROS in NETosis is further supported by the inability of formyl-methionyl-leucyl-phenylalanine (fMLP, a potent inducer of Nox2 activity [26] ) to induce NETosis (unpublished observations), presumably due to activation of signaling pathways known to inhibit apoptosis and autophagy [1, 31, 45] . In addition, stimulation of neonate neutrophils with PMA results in ROS production but not in NET formation, in contrast to PMA stimulation of adult neutrophils [21] .
Of interest, LPS and IL-8 have been reported to induce NET formation [3] . In contrast, we only observed a delay of apoptosis by stimulation with either LPS [26] or IL-8 (Supplementary information, Video S12). These results are in line with those of others who also did not observe NET formation in response to LPS [14] . Instead, our observations and those of others suggest that LPS and IL-8 protect neutrophils against apoptosis [1, 26] . Of interest, both LPS and IL-8 sensitize Nox2 activity by a process called priming, but they cannot induce Nox2 activity directly [46] . This is relevant, as Nox2 activity is essential for NETosis, as evidenced by the inability of CGD neutrophils to undergo NETosis [6] . The inability of neutrophils from CGD patients to undergo NETosis was recently correlated with their sensitivity to infection [18] . In this regard, it is noteworthy that many other antimicrobial ROS-dependent processes are also prevented in CGD [47] . Recently, stimulation of neutrophils with compounds that sensitize/prime Nox2 without activating it was also shown to result in the extracellular release of chromatin from viable neutrophils [48] . This chromatin was shown to originate exclusively from mitochondria, which is unusual given the low numbers of mitochondria in neutrophils. These results suggest that functional extracellular traps might originate from the activation of a wide range of different signaling pathways and cellular processes.
In conclusion, we demonstrate that intracellular chromatin decondensation and NET formation in PMAstimulated neutrophils are secondary to autophagy and superoxide production, both of which are required but insufficient on their own to mediate NETosis ( Figure  6 ). Moreover, both processes are required to inhibit the activation of caspases and consequent apoptotic cell death ( Figure 6 ). The combined autophagy-and Nox2-dependent chromatin decondensation in intact neutrophils and the inhibition of caspases might contribute to the generation of functional NETs. It is conceivable that as the interval between intracellular chromatin decondensation and plasma membrane permeabilization lengthens, more intragranular antimicrobial molecules are absorbed by the accessible and voluminous chromatin. In addition, exposure of nuclear histones to the proteolytic activities outside the nucleus might even generate more potent antimicrobial cleavage products, as has been described in fish and amphibians [11] , and perhaps the absence of caspase activity is essential in this process. We plan to functionally and biochemically analyze the antimicrobial properties of chromatin released from primary neutrophils after stimulation of different cell death programs in neutrophils.
Materials and Methods
Reagents and antibodies
Antimycin A, bafilomycin A1, CCCP, DPI, H 2 O 2 , LPS, PMA, wortmannin, PMSF, Pefabloc-SC and propidium iodide (PI) were npg purchased from Sigma-Aldrich (St Louis, MO, USA). Poly-llysine was purchased from R&D Systems (Abington, UK). zVADfmk was from Bachem (Bubendorg, Switzerland), and Annexin V-Alexa 488, Sytox Green (SG), Hoechst blue 33342, tetramethylrhodamine (TMRM) and DCFDA were from Molecular Probes (Carlsbad, OR, USA). Anti-human Fas antibody (clone 2R2) was purchased from Cell Diagnostica (Münster, Germany). Monoclonal anti-gp91 phox antibody (54.1) was purchased from Santa Cruz (Heidelberg, Germany). LC3 antibody with a higher specificity against LC3-II than for LC3-I was purchased from Nanotools (Teningen, Germany). Goat anti-mouse Alexa 488 Ab was purchased from Molecular Probes-Invitrogen. HRP-conjugated antitubulin was purchased from Abcam (Cambridge, UK). IL-8 was a kind gift from Dr Paul Proost (Rega Institute, Leuven, Belgium).
PMN isolation
Blood samples were collected from healthy volunteers and two CDG patients after obtaining informed consent. Both CDG patients have a defect in gp91 phox . Neither patient suffered from an acute infection at the time blood was drawn. CGD diagnosis was confirmed by measurement of superoxide production after stimulation with 100 nM PMA or 0.5 µM fMLP.
Neutrophils were purified by dextran sedimentation, followed by purification on Ficoll-Paque (Pharmacia, Sweden) and hypotonic lysis of contaminating red blood cells [26] . Isolated neutrophils were suspended in RPMI 1640 (Sigma-Aldrich) supplemented with 4% heat-inactivated fetal calf serum (FCS), 1% penicillin/ streptomycin and 0.1% gentamycin, and incubated at 37 °C in a humidified atmosphere containing 5% CO 2 .
Caspase cleavage assay
Ac-DEVD-amc cleavage was measured by a fluorimetric assay modified as described previously [49] . Neutrophils (5 × 10 6 PMN per ml) were incubated for various durations, after which they were centrifuged at 500× g for 5 min. Cell pellets were resuspended in 140 µl ice-cold caspase lysis buffer (CLB) (1% NP-40, 10 mM Tris-HCl (pH 7.4), 200 mM NaCl, 5 mM EDTA, 10% glycerol, 1 mM oxidized glutathione, 1 mM PMSF, 2 mM DFP, 0.3 mM aprotinin, 1 mM leupeptin). Protein concentration was then determined by the BCA method. A sample containing 15 µg proteins was suspended in a final volume of 150 µl in assay buffer (CLB supplemented with 10 mM DTT and 50 µM DEVD-amc). The release of fluorescent 7-amino-4-methylcoumarin was measured every 2 min for 1 h in a fluorometer (PerSeptive Biosystems, Cambridge, UK) at an excitation wavelength of 370 nm and an emission wavelength of 445 nm. The increase in fluorescence was linear. Data are expressed as the increase in fluorescence per minute (∆fluorescence/min).
Cell death assay
Human neutrophils were seeded at 2 × 10 5 PMN per ml in black flat-bottomed 96-well plates (Greiner, Nurtingen, Germany) in HEPES-buffered RPMI 1640 medium (Sigma-Aldrich) supplemented with 4% FCS, 1% penicillin/streptomycin, 0.1% gentamycin and 50 nM SG. After incubation for 30 min at 37 °C in 5% CO 2 with or without different inhibitors, cells were stimulated with 100 nM PMA, 250 ng/ml anti-Fas antibody or various concentrations of H 2 O 2 , after which the plates were sealed and loaded in a fluorescence Infinite M1000 plate reader (Tecan, Mechelen, Belgium) and incubated at 37 °C. SG fluorescence was measured every 10 min for various periods. Cells treated with 0.2% Triton X-100 were used as control and experiments were performed in triplicate.
NADPH oxidase activity
Superoxide production was measured as lucigenin-amplified chemiluminescence using a Biolumat 9505 apparatus (Berthold, Germany) as described [26] . After different treatments, PMN were diluted to 8 × 10 5 PMN per ml in 250 µl RPMI medium supplemented with 0.5 mg/ml lucigenin. Then, 50 µl PBS containing 600 nM PMA was added and the kinetics of superoxide production was measured at 37 °C for up to 60 min. As the kinetics of activation was the same for all reaction mixtures, we used the heights of the peaks to express the results as percentages of control.
Live cell imaging
Neutrophils were diluted to 15 × 10 4 PMN per ml in an eightchambered 1.0 borosilicate coverglass system (Nalge Nunc International, Rochester, NY, USA) coated with 0.1% poly-l-lysine and incubated for 30 min at room temperature (RT) in the presence of 3 µg/ml PI, 1:500 Annexin V-Alexa 488 solution (ANN), 10 µg/ml Hoechst 33342 solution (HB), 50 nM TMRM, 1 µM DCFDA or 50 nM SG. Cells were imaged using an Application Solution MultiDimensional Workstation (AS-MDW) equipped with a DM IRE2 microscope with a PIFOC P-Piezo element-driven HCX PL APO 63×/1.3, a 75-W Xenon burner (with monochromator) set at 2 mW and a 12-bit CoolSNAP HQ camera (Leica Microsystems, Wetzlar, Germany). Cell morphology was observed by using differential interference contrast (DIC). Hoechst 33342 was excited at 380 nm and emission was detected using a BP340/80/FT400/LP425 filter cube. ANN, DCFDA and SG were excited at 490, 480 and 490 nm, respectively, and emission was detected using a BP470/40/FT500/ BP525/50 filter cube. PI and TMRM were excited at 533 and 540 nm, respectively, and emission was detected using a BP515-560/FT580/LP590 filter cube. Phototoxicity and photobleaching were prevented by minimizing the exposure time for fluorescence excitation (< 100 ms) and setting the camera at gain 2 and 2 × 2 binning. Cells were monitored for various times, and multiple image stacks were captured every minute, unless indicated otherwise. Different focal planes were set at 1-µm intervals to prevent loss of focus of nonadherent cells. Poly-Lys treatment did not affect the kinetics and morphology of induced cell death of neutrophils.
From each image stack, maximum intensity projections (for PI, ANN, HB, TMRM, DCFDA, SG) and autofocus images (for DIC) were made for each time point by using a script developed in house for ImageJ 1.31i public domain imaging software. 3D deconvolution (iterative restoration based on calculated PSFs) was performed on Image sequences of PI, ANN, HB, TMRM, DCFDA and SG using the Volocity software 5.2.0 (PerkinElmer, Coventry, UK). Subsequent montages of the Multi-tiff time series and threechannel overlays were made in ImageJ 1.31i.
Confocal microscopy
Isolated human neutrophils were analyzed by confocal microscopy as previously described [50] . In brief, human neutrophils on uncoated glass coverslips were placed in 24-well plates for 30 min at RT. Cells were left unstimulated or were stimulated with 100 nM PMA for various periods up to 60 min at 37 °C in 5% CO 2 . Subsequently, cells were fixed with 4% paraformaldehyde for 15 min at RT. They were permeabilized with acetone at −20 °C for 5 min. After rehydration with PBS at RT, cells were incubated with blocking buffer (PBS supplemented with 5 mg/ml BSA + 0.5 mg/ml NaN 3 + 10% FCS) overnight at 4 °C. They were incubated with or without primary anti-LC3 antibody (10 µg/ml) for 1 h at RT. After 10 washing steps with PAB (PBS supplemented with 5 mg/ ml BSA + 0.5 mg/ml NaN 3 ), cells were incubated with 1:500 secondary goat anti-mouse antibody coupled to Alexa 488 for 1 h at RT, and DAPI was added at 10 µg/ml for another 10 min. Then, cells were washed 10 times with PAB, followed by a final rinse with deionized water, after which they were mounted with gelvatol and sealed with nail polish. Confocal images were captured with a Leica Sp5 AOBS confocal microscope (Leica, Mannheim, Germany). Images were taken by using a 63× HCX PL Apo 1.4 oil objective. DAPI was excited with a UV diode laser at 405 nm and Alexa 488 by using the 488 line of a Multi Argon laser. Z-sections were made at the resolution limit, in this case 0.118 nm, to produce a high-resolution stack suitable for 3D deconvolution and reconstruction. 3D iterative restoration based on measured PSFs and 3D reconstruction was performed using the Volocity software 5.2.0 (PerkinElmer). NET cell death features and kinetics were observed in the presence and the absence of fluorescent dyes. Consequently, the observed PMA-induced cell death was not due to phototoxicity.
Electron microscopy
Freshly purified neutrophils were allowed to adhere to glass coverslips in RPMI 1640 containing 4% FCS. After incubation for 30 min at 37 °C in 5% CO 2 , cells were stimulated with 100 nM PMA or left untreated. Neutrophils were then fixed in 0.1 M Na cacodylate buffer containing 4% formaldehyde and 2.5% glutaraldehyde for 3 h at 4 °C and overnight in new fixative at 4 °C. After washing with 0.1 M Na cacodylate buffer at 4 °C, neutrophils were post-fixed in 1% OsO 4 with 1.5% K 3 Fe(CN) 6 in 0.1 M Na cacodylate buffer (pH 7.2). Samples were dehydrated through a graded ethanol series, and a bulk staining with 2% uranyl acetate was included at the 50% ethanol step. The coverslips were then embedded on molds containing pure Spurr's resin and left to solidify at 70 °C. Ultrathin sections made with a Leica EM UC6 ultra microtome were post-stained in a Leica EM AC20 for 40 min in uranyl acetate at 20 °C and for 10 min in lead stain at 20 °C. Grids were viewed with a 1010 transmission electron microscope (JEOL, Japan) operating at 80 kV.
Western blotting
Freshly isolated neutrophils (5 × 10 5 PMN per ml) from either healthy volunteers or CGD patients were pelleted and resuspended in lysis buffer containing 1% Triton X-100, one tablet of Complete Mini protease inhibitor cocktail per 5 ml lysis buffer and supplemented with 1 mM PMSF and 1 mM Pefabloc-SC. After incubating the lysate for 15 min on ice, cell debris was removed by centrifugation. Subsequently, 30 µg proteins was separated in 8% SDS-PAGE. Western blots were analyzed by overnight incubation with 1:1 500 anti-gp91 phox antibody and 1:6 000 anti-tubulin conjugated to HRP, followed by incubation with HRP-coupled secondary antibody at 1:7 000.
Statistics
The results were analyzed with a two-way ANOVA and a Bonferroni post-test (GraphPad Prism version 5, San Diego, CA, USA). Significance was accepted at P < 0.05, unless indicated otherwise.
